The paper presents a detailed review of the state-of-the-art research activities on structural reliability analysis of wind turbines between the 1990s and 2017. We describe the reliability methods including the first-and second-order reliability methods and the simulation reliability methods and show the procedure for and application areas of structural reliability analysis of wind turbines. Further, we critically review the various structural reliability studies on rotor blades, bottom-fixed support structures, floating systems and mechanical and electrical components. Finally, future applications of structural reliability methods to wind turbine designs are discussed.
Introduction
The wind industry is thriving worldwide, both onshore and offshore. Because of limited land resources, the development of offshore sites, albeit at increased costs, has become a viable alternative for many countries. In 2016, 361 offshore wind turbines (OWTs) of an average capacity rating of 4.8 megawatts (MW) per turbine were constructed in Europe [1] . Because of the favorable wind resources and shallow water conditions of the North Sea, this area accounts for almost 70% of the world's cumulative offshore capacity. Today, the unsubsidized levelized cost of energy of onshore wind energy is already lower than that of many traditional nonrenewable energy sources, e.g., natural gas, nuclear and coal [2] , but offshore wind energy can still be more than twice as expensive as onshore wind energy [3] .
To bring the cost of wind power to a more competitive level, reliable and economical design of wind turbines is a must. The structural design approach suggested by the international design standards [4, 5] is a semi-probabilistic approach, which is a slight improvement over the deterministic approach illustrated in Figure 1 (left). In this approach, a set of design load cases covering various scenarios is considered, and short-term numerical simulations of a validated wind turbine model are performed for the design load cases. To estimate higher load levels for a long-term exceedance probability, extrapolation methods are also often used [6, 7] . Then, partial safety factors for loads or materials according to certain reliability levels are applied in the design check of the ultimate and fatigue limit states. These factors are calibrated by a code committee based on the long experience of building tradition or the statistical evaluation of experimental data and field observations within the framework of reliability theory [8] . Each turbine is subjected to the combined load effect of wind turbulence, gusts, wave loading (for OWTs) and control actions. Less frequent events including grid faults or gearbox failures may be encountered during the lifetime, as well. Based on the occurrence rate and severity of these load conditions, the design standards recommend different partial safety factors. For example, the normal load cases with power production have a higher partial safety factor than the abnormal cases with faults. Ideally, through the use of calibrated partial safety factors, a consistent level of reliability is achieved for the structural components in various load conditions. However, not all uncertainties can be captured by the partial safety factors. For novel wind turbine technologies, especially offshore floating wind turbines (FWTs), the applicability of existing partial safety factors is subject to question, because of factors such as site-specific environmental parameters, the positioning system (for FWTs), control strategies and drivetrain technologies. To account for the great uncertainties, large partial safety factors are used, which may yield a less cost-effective overdesign. Compared to the deterministic approach, the probabilistic (stochastic) approach improves the design as it explicitly accounts for the uncertainties related to loads, materials and analysis methods. The general design procedure is shown in Figure 1 (right). The probabilistic approach is necessary insofar as the level of uncertainty is high and has been applied in the industrial designs of aircraft structures, vehicle structures, offshore structures, as well as wind turbines. Sørensen et al. [10] presented the approach for wind turbine design. This approach involves the identification of stochastic models for the uncertain parameters and turns the design problem into a reliability-based optimization process. The aim is to design all components with a consistent level of reliability, and the wind turbine parameters are optimized such that minimal cost is achieved. A wind turbine system designed by this approach is expected to have more robust performance in response to unexpected incidents and errors.
Structural reliability analysis (SRA) is not only useful for code calibration of the partial safety factors, but also a key element of the probabilistic design approach. SRA is concerned with the calculation and prediction of the probability of limit-state violations of a structure during a reference period [9] . The formulation of limit states relating to ultimate strength, fatigue failure, structural stability or critical deflection is based on the first principles (known failure modes with physics behind them), and stochastic variables shall be included in the formulation. In a modern OWT, the analysis target can be support structures, rotor blades or mechanical components in the drivetrain. SRA is different from the classical reliability approach, which often describes the time-dependent component failure rate by the bathtub curve and relies on the operational data of wind farms for statistical analysis; see [11] for an example.
Although the development and application of structural reliability methods have lasted more than four decades, it was not until the 1990s that SRA of wind turbines started to appear in the literature, and most of the studies are focused on rotor blades. To the authors' knowledge, there have been over 60 academic publications on SRA of wind turbines. Yet, this number is far less than those of offshore oil and gas structures.
This study reviews the research work on SRA of wind turbines, with the hope to promote SRA in the future design of wind turbines, especially FWTs. The remainder of this paper is organized as follows. Section 2 briefly introduces the methods for SRA. Section 3 introduces the SRA procedure for modern wind turbines and identifies important areas where structural reliability methods can be applied to wind turbine design and analysis. Section 4 discusses the research work in detail in the order of wind turbine components. Section 5 envisions the future research topics. Finally, Section 6 presents the conclusion.
Methodologies of Structural Reliability Analysis
The fundamentals of SRA of wind turbines are summarized in this section. A general description of structural reliability has been addressed by a large amount of literature, e.g., [12, 13] .
Definition of Structural Reliability Analysis
Consider a wind turbine system subjected to various uncertainties, the reliability of the system is often calculated by one minus the associated probability of failure, which is defined as:
where X ∈ R n is a generic n-dimensional random vector representing uncertainties (e.g., in loads, materials properties and geometry) of the system; the performance g(X) is related to specific wind turbine performance (e.g., fatigue, deflection and stress/strain). g(X) < 0 denotes the failure domain.
As shown in Equation (1), the probability of failure P F is calculated by integration of the joint probability density function (PDF) of X over the failure domain. However, there are no closed-form/explicit solutions to Equation (1) in general due to the complexity, i.e., nonlinearity and multidimensionality of the wind turbine performances. Thus, several approximated methods have been widely used to calculate the probability of failure, such as first-and second-order reliability methods (FORM and SORM) and simulation methods (e.g., Monte Carlo simulation (MCS), importance sampling and directional simulation). The following subsections provide a summary of these methods and their applications in reliability analysis of wind turbines. Uncertainties in SRA of wind turbines are also categorized at the end of this section.
Methods of Structural Reliability Analysis

First-and Second-Order Reliability Methods
First-and second-order reliability methods (FORM and SORM) are two standard structural reliability methods, which are based on linear (first-order) and quadratic (second-order) approximations, respectively, of the limit state g(X) = 0 tangent to the most probable point (MPP), which is closest to the origin of the variable space. The determination of this point involves nonlinear constrained optimization and is usually performed in the transformed standard normal (Gaussian) space of the original space. Figure 2 demonstrates the basic principle of FORM and SORM in a two-dimensional standard normal space. Refer to Appendix A for an example that applies FORM. For the generic n-dimensional random vector X, the basic steps to carry out FORM/SORM include:
1. Random variable transformation: The original space of the random vector X is first transformed to a new n-dimensional space u consisting of independent standard normal variables. The original limit state g(X) = 0 is then mapped to a new limit state g U (u) = 0 in the u-space. 2. MPP identification: Having the shortest distance β HL to the origin of the u-space, the MPP is identified by using a proper nonlinear optimization algorithm. 3. Limit-state approximation: The limit state g U (u) = 0 is approximated by a hyperplane g L (u) = 0 (linear or first-order) for FORM and a hyperparaboloid g Q (u) = 0 (quadratic or second-order) for SORM. The approximated limit states g L (u) = 0 and g U (u) = 0 are tangent to the limit state g U (u) = 0 at the MPP, as shown in Figure 2 . 4. Probability calculation: The failure probability using FORM is calculated as:
where β HL is the shortest distance from the MPP to the origin of the u-space and Φ(x) calculates the cumulative distribution function of the standard normal distribution at x. More sophisticated derivation is required for calculating the failure probability using SORM. For instance, Breitung's asymptotic solution is expressed as [14] :
where κ i is the main curvatures of g U (u) = 0 at the MPP. Interested readers may refer to details in the literature [14] [15] [16] . Experience has shown that FORM/SORM are sufficiently accurate for engineering purposes, provided that (1) the MPP is accurately identified, (2) the limit state curve/surface at the MPP is close to being linear or quadratic and (3) no multiple MPPs exist [16] .
FORM and SORM have been widely used in SRA of wind turbines. For example, Veers [17] calculated that the probability of failure with a target lifetime of 20 years is 1.8% using FORM and 2.2% using SORM in fatigue reliability analysis of a blade joint. Dong et al. [18] applied FORM in the fatigue reliability analysis of welded multi-planar tubular joints of the support structure of a fixed-jacket OWT. A comprehensive literature survey on SRA of wind turbines will be presented in Section 4.
Simulation Reliability Methods
Simulation reliability methods provide powerful approaches for evaluating the structural reliability of complex engineering systems including wind turbines. Compared to FORM/SORM, the simulation reliability methods treat indifferently the type and dimension of the complex problems, do not require finding the MPP or approximating the limit-state function and disregard the linearity of the limit-state function. While different simulation reliability methods exist, e.g., subset simulation [19] , Latin hypercube sampling [20] and importance sampling [21] , these methods more or less share the same fundamental concept of the most general simulation reliability method, MCS. Hence, we focus on the basics of MCS and its applications in SRA of wind turbines.
Suppose x 1 , x 2 , ..., x n are n realizations of the input random vector X, which can be generated independently based on the joint PDF of X, f X (x). Let g 1 , g 2 , ..., g n be the output samples of g(X) corresponding to the input x 1 , x 2 , ..., x n that can be obtained by repeating the deterministic evaluation of the limit-state function. Count the number n f as the number of failed trialsthat are associated with negative values of the limit-state function. Then, the probability of failure using MCS is simply estimated as:
which approaches the exact value of P F when n approaches infinity. In order to acquire an adequate accuracy of the approximated failure probability, it often requires a large sample size n, which may increase the computational burden. MCS has also been widely used in SRA because of its simplicity and the complexity of modern wind turbines. Hu et al. [22] applied MCS to evaluate the fatigue reliability of composite wind turbines considering wind load uncertainty. Pourazarm et al. [23] utilized MCS results to evaluate three reliability methods, FORM, SORM and the weighted average reliability method for the reliability analysis of wind turbine blade failure due to flutter. Other MCS applications for SRA of wind turbines are discussed in Section 4.
Other Reliability Methods
Other reliability methods, such as the incremental wind-wave analysis (IWWA) method [24] and the peak response factor (PRF) method [25] have been developed for reliability analysis of OWT support structures under extreme loads. A comparative study of the application of different reliability analysis methods for OWT towers is presented by Teixeira et al. [26] .
Modeling Uncertainties in Material Properties, Loads and Load Effects of Wind Turbines
From Section 2.1, it is clear that the structural reliability problem for a component is fully described by random variables, their probability distributions and the limit-state functions. The reliability theories are, more or less, well-established, but it is a nontrivial task in SRA to quantify various uncertainties related to loads, load effects and resistances. In general, the uncertainties can be divided into the following groups [10]:
1. Physical uncertainty related to the natural randomness of a physical quantity. For example, variation of 10-min mean wind speed in one year and uncertainty of the material properties affecting the fatigue reliability of wind turbines. The physical uncertainty is often represented by traditional distributions and incorporated into SRA of wind turbines. 2. Measurement uncertainty related to imperfect measurements. For example, the uncertainty of wind speed measurement using traditional cup anemometers would be larger than that from three-dimensional sonic anemometers. It is impossible to totally eliminate the measurement uncertainty, while using more advanced measurement techniques and instrumentation will probably reduce the measurement uncertainty and result in more accurate SRA results. 3. Statistical uncertainty related to limited sample size; for example, probabilistic S-N curves due to limited test specimens of composite materials used in wind turbine blades. Although it is straightforward to reduce the statistical uncertainty by increasing the test sample size, more expenditure and time in sample purchasing and testing are often caused. An alternative strategy is to develop statistical methods that can accurately quantify the uncertainty with a small sample number. In stochastic dynamic simulations, a limited number of time-domain simulations with certain durations is performed for a load case. Increasing this number will reduce the statistical uncertainty at the cost of computational time. 4. Model uncertainty related to imperfect modeling of the performances of OWTs in SRA. The model uncertainty can typically be expressed as follows:
where χ represents the model uncertainty related to a physical variable F (e.g., aerodynamic loads). F true denotes the real value of this variable, and F estimated denotes the estimated value of this variable. Because of complicated physics and aero-hydro-servo-elastic coupling effects, high-fidelity modeling of an OWT is still a challenging task, and simplified approaches are often used. When simulating three-dimensional wind fields, Mann's model [27] , the IEC Kaimal model [4] or direct numerical simulation can be used to represent the turbulent wind field at varying fidelity levels. In the aerodynamic load calculation, the blade element momentum method, vortex method and computational fluid dynamics method will produce quite different load effects [28] , in addition to the uncertainties associated with airfoil data. When generating irregular waves in the time domain, either linear or nonlinear wave theories can be applied [29] ; the resultant wave kinematics will vary and affect the hydrodynamic loads especially for shallow-water conditions. Morison's formula [30] or potential-flow theory is often used for hydrodynamic load calculation of offshore support structures. Then, drag and inertial coefficients related to Morison's formula or viscous effects associated with large-volume structures contribute to the uncertainties in the hydrodynamic load effects. Model uncertainty also arises when using beam elements in the finite element models to represent the complex wind turbine blades in structural dynamics problems. This type of uncertainty can be reduced by implementing advanced structural analysis methods together with high-performance computing techniques. Figure 3 illustrates the general procedure for simulation-based SRA of wind turbine components. First, the target wind turbine component should be selected. Second, the limit-state functions should be formulated based on failure modes of interest. The limit-state functions include random variables that represent various uncertainties, e.g., physical uncertainty. Quantification of the uncertainties often involves data measurement and statistical analysis to identify a proper joint distribution of the random variables. Then, the failure probability or reliability index can be evaluated by a reliability method. MCS is often used in conjunction with the response surface methodologies (RSMs) to alleviate computational burden. Dynamic analysis of a wind turbine system using a simplified model may be performed to obtain the global responses of the system, and analytical formulae or detailed finite element analysis (FEA) are commonly conducted to obtain the responses at the stress/strain level. At the design stage, the obtained reliability index β is often compared against the targeted values. If the analysis results significantly deviate from the targeted values, redesign of the component is likely to follow. Rotor blade, bearing, gearbox, tower, foundation, offshore support structure, etc.
Application of Structural Reliability Methods
Procedure for Structural Reliability Analysis of Wind Turbines
Failure modes, e.g., fatigue, yield, delamination, buckling, and micro-pitting.
Uncertainty quantification
Physical uncertainties, e.g., material properties and external loads, measurement uncertainty, statistical uncertainty, and model uncertainty.
4. Evaluation of reliability / failure probability P[g(X) < 0]
Reliability analysis results
Reliability analysis methods, e.g., FORM, SORM, and MCS, incorporating performance function evaluation, e.g., dynamic analysis and finite element analysis. 
Application Areas
Structural reliability methods provide an explicit approach to the uncertain or random nature of loads and capacities and lead to an assessment of the reliability of a structural component or an entire structure, which accounts for an optimal balance between failure consequences, material consumption and the probability of failure. It is applicable to: In the following, we elaborate on two aspects.
Code Calibration for Design Standards
Target reliabilities for a specific design have to be met in order to ensure that certain safety levels are satisfied. Reliability analysis can be used to verify that such a target reliability is achieved for a structure or structural component. Minimum values of target reliabilities depend on the consequence and nature of failure and could be calibrated against:
• Well-established cases that are known to have adequate safety; • Safety levels established for similar existing structural design solutions that may be satisfactorily considered as being transferable; • Accepted decision analysis techniques.
The minimum target reliability level for OWTs can be assessed by different considerations. For manned and unmanned offshore steel jacket structures for oil and gas production, maximum annual probabilities of failure on the order of 10 −5 and 10 −4 are generally accepted; see, e.g., DNV GL RP-C203 [31] and DNV GL RP-C210 [32] . For OWTs, a target reliability level corresponding to unmanned structures can be relevant. Presently, no explicit target reliability levels are given for the partial safety factors in IEC 61400-3: 2009 [5] for OWTs. However, the implicit reliability level in the design standards of OWTs by DNV [33] and GL [34] can alternatively be estimated using an available reliability analysis together with the partial safety factors recommended in these standards. A detailed estimation procedure was suggested by Marquez-Dominguez and Sørensen [35] . With a prescribed target reliability level and an available reliability method, a set of partial safety coefficients γ can be determined, which will result in designs. The first step is to perform SRA for the initial design. Then, the design is modified, and the reliability calculation is repeated until the target reliability level is satisfied. Finally, a set of calibrated partial coefficients is obtained according to the relationships between the characteristic values of the design variables and the corresponding values at the design point.
Probabilistic Methods for Inspection Planning
An important application of probabilistic analysis methods is for risk-based inspection (RBI) planning using preposterior Bayesian decision theory, which is the basis for assessing the condition of the installation and thus forms a cornerstone in the inspection, maintenance and repair activities. For OWTs, operation and maintenance costs contribute to a substantial part of the total life cycle costs and can be expected to increase in deeper waters and harsher environments. Deterioration mechanisms such as fatigue, corrosion, wear and erosion suffer significant uncertainties. The reliability of prediction can be increased through observations of the degree of damage, especially in connection with condition-based maintenance. RBI planning can optimize the time for conditioned maintenance using observations from, e.g., condition monitoring and inspections on site. For offshore oil and gas installations, cost-effective procedures for RBI planning have been developed during the last few decades and are used at different locations worldwide; see, e.g., Moan [36] , Faber et al. [37] and Sørensen et al. [38] . A detailed guideline for the use of probabilistic methods for inspection planning of fatigue cracks in jacket structures, semisubmersibles and floating production vessels is recommended in DNV GL RP-C210 [32] . For OWTs, Sørensen [39] suggested the procedures for RBI planning based on a similar theoretical basis, which can be used for gearboxes, generators, fatigue cracks, corrosion, and so forth.
State-Of-The-Art Reliability Analysis of Wind Turbine Components
Overview
There was limited literature on reliability analysis of wind turbines before the 1990s. Veers [17] noticed the random and uncertain parameters involved in the component design of wind turbines and first performed reliability analysis for a vertical axis wind turbine blade. Around the 2000s, Ronold et al. [40, 41] applied reliability methods to analyses of rotor blades of horizontal-axis wind turbines. Afterwards, more probabilistic models of wind turbine structural components were proposed, and advanced wind turbine simulation tools came to use in SRA. In the past few years, interesting studies of reliability analysis of different subassemblies of wind turbines have been carried out. Thus, we classify the survey of the reliability analysis into the following categories: rotor blades, bottom-fixed support structures, floating systems and mechanical and electrical components. Table 1 summarizes representative failure modes of these components. The failure modes should be interpreted in a broader sense. For example, large deformation of blades does not necessarily cause damage on the blade itself, but an interference with the tower should be deemed unacceptable. The reliability problem stems from the failure modes selected, and suitable reliability methods must be selected. Table 2 summarizes some typical methods used in wind turbine applications. It appears that FORM and MCS are more frequently used than other methods. 
Rotor Blades
The reliability of wind turbine rotor blades is of vital importance to the wind energy industry because of their severe loading conditions, long-term lifespan requirement and high cost. Modern horizontal-axis wind turbine blades convert the kinetic energy in wind flow to mechanical power under complex loading conditions including aerodynamic loads, gravity load, gyroscopic load and mechanical structural loads from dynamic interactions between rotor blades and other subassemblies. With these inclement loading conditions, rotor blades, as well as the whole turbine system are designed to have a lifespan of 15-20 years. In addition, each MW-scale wind turbine blade is made of tons of glass-fiber and/or carbon-fiber composite materials (e.g., NREL's 5-MW reference blade weighs over 17 tons [66] ). The manufacturing cost of rotor blades accounts for about 15-20% of the total wind turbine production cost. Considering the extreme importance of the reliability analysis of wind turbine blades, this section aims to offer a detailed survey of the state-of-the-art reliability analysis methods for the rotor blades, particularly in the following two categories:
1. Fatigue reliability analysis calculating the probability of blade fatigue life that is greater than a target lifespan under fatigue loadings. 2. Extreme reliability analysis evaluating the probability of blade performances (e.g., deflection and stress/strain) that satisfy the designed threshold under extreme loading (e.g., wind gusts).
Accurate quantification of the fatigue reliability or fatigue failure probability can be challenging because of: (1) the difficulty of an accurate fatigue life estimate under complex loading; (2) various inherent randomness and external uncertainties that affect the fatigue life of blades. The former challenge is mainly due to the complexity of the fatigue degradation principles of blade materials, limited information available on blade fatigue experiments and the very sophisticated fatigue analysis procedure. An early study of fatigue reliability of a blade joint was carried out by Veers [17] who described the structural reliability process as four steps: formulation that defines the failure criteria; transformation that converts correlated/uncorrelated random variables into the normal u-space; approximation that approximates the complex limit-state function in the u-space; and computation that calculates the reliability index. For simplicity, previous blade fatigue analyses often treat wind turbine blades as typical beam-like structures [41, [67] [68] [69] [70] . From simple beam theory, explicit equations can be applied to calculate the stress/strain of wind turbine blades as a function of wind loads. For example, the normal strain can be calculated as a function of flapwise and edgewise bending moments and axial forces [71] . Fatigue stress was described in terms of the root mean square of the instantaneous stress, which was assumed to be an exponential function of wind speed [72] . Ronold et al. [41, 67] calculated the stress range at the root as a ratio between the moment range and the section modulus, while the moment range was calculated as a function of 10-minute mean wind speed and other parameters. Cyclic fatigue loading for turbine blades is derived by using a time-varying stochastic wind applied on a rotating rotor and based on the traditional Miner's rule [73] . Instead of predicting the fatigue life directly, Kong et al. [68, 69] evaluated whether or not the fatigue life requirement was satisfied by comparing the calculated maximum stress and the allowable fatigue stress using Spera's empirical equation [74] . Although the computational time using explicit equations for fatigue analysis is short, the detailed fatigue damage/life contour may not be investigated at a specific location on wind turbine blades. A recent study of fatigue analysis of three-dimensional composite wind turbine blades includes realistic blade model generation, variable wind load quantification, random wind field simulation, aerodynamic/aeroelastic blade analysis and advanced fatigue damage evaluation under complex stress states [22, 75] . With the ever-increasing computational capability, fatigue reliability analysis using full-scale blade models has become a trend in the design, manufacture and evaluation of wind turbine blades.
In order to tackle the second challenge for fatigue reliability analysis, researchers have investigated various uncertainties, e.g., uncertainty of blade fatigue properties [17, 76] and uncertainty in load and resistance [22, 41] , and incorporated them into reliability analysis of wind turbine blades. For blades made of composite materials, the uncertainties of fatigue properties constituting S-N curves are generally greater than those of steel structures and are often represented by distributions identified from fatigue test data. An example is provided in [41] , where a bivariate normal distribution was considered for the coefficients log 10 K and m, and a normal distribution was considered for the residual term e. The SNL/MSU/DOEcomposite material fatigue database provides a large amount of fatigue test data and mechanical properties for composite materials used in wind turbine blades [77] . Abumeri et al. [78] proposed a multi-scale progress failure analysis procedure that couples composite micro-and macro-mechanics, structural analysis and probabilistic methods to simulate uncertainties from constituent materials fro the whole structure and all loading conditions. Among various uncertain sources, the inherent variability in the fatigue life as represented by the uncertainty in the residual of the -N curve has been identified to be the single most important uncertainty source by Ronold et al. [41] . As an uncertain load source, wind speed variation has been widely accepted to be modeled as Weibull distributions in much of the literature (e.g., [4, 34, 70, [79] [80] [81] ). This distribution of hourly or 10-min mean wind speed has been used to determine the percentage of time that wind turbine blades (and other components) experience different mean wind speeds during their life cycles. Using this time percentage, the wind load and corresponding fatigue damage can then be calculated for each mean wind speed. By accumulating the fatigue damage for each mean speed, the total damage can be calculated based on the damage rules. However, by applying a fixed Weibull distribution, only deterministic fatigue life can be obtained because the assumed Weibull distribution is constant in different years. The fixed Weibull distribution is based on either wind turbine standards [4, 34] or measured wind data over one year at a specific location and may not be able to truly render the wind load uncertainty at different locations and in different years. Given that long-term wind speed measurements are often unavailable, statistical methods have been applied in wind prediction for fatigue reliability analysis of wind turbine blades. For example, Kulkarni et al. [82] investigated three forecasting models (Markov chain, Kalman filter and autoregressive integrated moving average) and developed a long-term wind speed pattern used in the structural and fatigue analysis of a small horizontal-axis wind turbine composite blade. In addition to the mean wind speed, the fluctuations in the wind speed about the short-term mean naturally have a major impact on the blade fatigue reliability. Considering the wind fluctuations, Ronold et al. [41] assumed that the turbulence intensity followed a lognormal distribution. In order to facilitate the fatigue reliability analysis of wind turbine blades surviving realistic wind loads, Hu et al. [22] developed a dynamic wind load uncertainty model that can capture the uncertainty of distribution parameters of both mean wind speed and turbulence intensity to represent the wind load variations over a larger spatiotemporal range based on measured wind data.
Reliability analysis of wind turbine blades under extreme loads is also an important topic to which many wind turbine blade designers and wind farm operators have been paying attention. Blade responses under extreme loads could cause significant damage to the turbine itself and maintenance personnel or any people nearby the turbine. For example, an extraordinary blade deflection induced by edgewise and flapwise bending or buckling of the blade may cause catastrophic failures by hitting the turbine tower. For designing reliable wind turbine blades, wind turbine standards (e.g., [4, 34] ) have provided guidelines to calculate the extreme loading (e.g., extreme operating gust), which are followed by many researchers. For example, ultimate strength and critical deflection of a 40 m-long and 2 MW-rated wind turbine blade were implemented into a multi-objective structural optimization procedure [83] . Toft et al. [60] presented a framework for modeling defects in wind turbine blade and particularly investigated the effect of defect distribution on the reliability of the blades in the ultimate limit state. According to their findings, a larger reduction in the reliability was observed if the delamination defects occur in clusters rather than in random distributions. Bacharoudis et al. [42] performed a reliability assessment of the strength and elastic stability of a composite rotor blade designed according to the IEC 61400-1 standard. A combination of RSM and MCS was applied in their reliability analysis. The rotor blade reliability under extreme loads is closely related to uncertainty sources, e.g., uncertainty in airfoil aerodynamic characteristics and uncertainty in the extreme turbulence model used for load calculation. For example, Abdallah et al. [84] found that the uncertainties in aerodynamic static lift and drag coefficients had a tangible reduction in both the extreme load safety factors and the dimension of structural components when exposed to extreme loading conditions. In another article, Abdallah et al. [61] demonstrated that advanced load alleviation control systems could contribute to improved structural reliability by reducing the magnitude and scatter of the extreme loads. As an increasing number of OWTs is deployed, extreme offshore environmental conditions have also been investigated in the reliability analysis and design of wind turbine blades, as well as the whole turbine system. An interesting study by Hallowell and Myers estimated the turbulent wind and irregular sea states using a catalog of synthetic hurricanes, which provide tens of thousands of realizations for one year of potential hurricane activity [65] . One of the difficulties that extreme reliability analysis of wind turbine blades faces is the lack of validation cases for the reliability analysis results due to the rare records of blade failures under extreme loadings. Experimental testing of down-scaled blade models or high-fidelity computer-based simulation of blades under extreme loads may promise to alleviate this difficulty.
Bottom-Fixed Support Structures
Onshore Structures
For onshore wind turbines, towers are the only type of support structures; they are mostly made of steel or concrete. The seismic loads appear to be more of a concern for the research community, and the term "fragility analysis" is used. Fragility analyses were initially used in earthquake engineering for evaluating the vulnerability of structures [85] . Such an analysis involves computing the probability of damage over a range of potential loading intensities, and researchers have employed the fragility curves for onshore and OWT support structures beyond the scope of seismic loading. Nuta et al. [86] developed a framework for determining the probability of damage of onshore wind turbine towers at various levels of seismic damage. Implicit FEA and incremental dynamic analysis were performed for the steel tower of a 1.65-MW onshore wind turbine in parked conditions. Myers et al. [87] assessed the fragility of the tubular tower of a 2.4-MW wind turbine with respect to yielding. Incremental dynamic analysis using a finite element model was conducted, and fragilities were presented as a function of ground motion intensity and frequency content. Quilligan et al. [88] selected the hub-height wind speed as the intensity measure and examined the fragility of a 5-MW onshore wind turbine. A range of typical tower heights was considered, and fragility curves of steel and concrete towers were compared. Mensah and Dueñas-Osorio [89] showed the positive effect of tuned liquid column dampers on improving the fragility of a 5-MW onshore wind turbine. Hu et al. [90, 91] proposed novel seismic-based methods to monitor the health condition of onshore wind turbine components.
Offshore Structures
Support structures are the main components investigated in SRA of OWTs. The dominant types of support structures are monopiles, gravity-based foundations and jackets; see Figure 4 . Compared to traditional offshore structures subjected to wave loads alone, these support structures experience the combined load effects of wind and waves. Tarp-Johansen [92] formulated the ultimate limit state of a pile structure, performed the reliability analysis by FORM and proposed a simplified method for evaluating the structural responses under the combined loads in storm conditions. The aerodynamic, hydrodynamic and material uncertainties are addressed. Adjustments are made in regards to the hydrodynamic uncertainty model, and phase shift is ignored between the arrival of wind and wave storms. Similarly, Tarp-Johansen et al. [93] studied the partial safety factors and the characteristic values of bottom-fixed OWTs under extreme wind and wave loads; the level of structural reliability indicated by the design standard IEC 61400-3 was also discussed. Sørensen [94] performed reliability-based investigation of the required fatigue safety factors for the fatigue design of steel structures of OWTs. Reliability models were formulated for the cases with wind only and wave only, and fatigue design factors and partial safety factors were calibrated considering the effect of inspections during the design life. In another work, Márquez-Domínquez and Sørensen [35] performed similar calibrations and considered more inspection methods. Although these calibrations were based on a limited number of wind turbines and simplified load conditions, there is a close link to design standards of offshore steel structures. Vahdatirad et al. [46] performed reliability analysis of a gravity-based foundation for wind turbines. A probabilistic finite element model was used to analyze the bearing capacity of a surface footing on soil. The reliability analysis can be used to calibrate the code-based design procedure. Yeter et al. [95] conducted fatigue reliability analysis of jacket-type OWTs by using FORM. The limit-state function was developed based on the Dirlik probability density function. The approach is based on calculations in the frequency domain, and the wind-induced loads are simplified as a transfer function. The validity of this simplification is questionable, because aerodynamic damping from the rotor side cannot be handled by such an approach. Using the fracture mechanics approach, Yeter et al. [96, 97] also performed fatigue reliability analysis of welded tubular structures of a jacket-type OWT, but the aerodynamic loads and relevant uncertainties were ignored in these works.
Most of the aforementioned studies consider simple models for the wind turbine loads. In the past 10-15 years, a variety of aero-hydro-servo-elastic simulation tools [98] [99] [100] suitable for OWT analysis were developed and validated, and there is a trend to apply these tools for dynamic analysis to facilitate the establishment of probabilistic models. In addition, FEA may be involved when component stresses/strains, which are usually included in the limit-state functions, cannot be calculated in a straightforward manner. Dong et al. [18] performed fatigue reliability analysis of the welded tubular joints of a jacket OWT. In Dong's work, HAWC2 [99] and USFOS [101] were used to assess the load effects of aerodynamic and hydrodynamic loads in the time domain, and 400 environmental conditions were considered. The SRA was based on fracture mechanics analysis of crack growth, and the probability of failure was calculated by FORM. Various uncertainties related to aerodynamic and hydrodynamic loads, long-term stress distribution and corrosion and inspection were identified and evaluated. Muskulus and Schafhirt [102] performed both ultimate and fatigue limit-state analyses of monopile and jacket support structures for 5-MW OWTs. The time-domain calculation was done by Fedem [103] , and the approach is comparable to the one used by [18] insofar as precalculated aerodynamic loads were exerted on the structure, apart from the instantaneous hydrodynamic loads. The effect of the uncertainties in soil stiffness and aerodynamic damping was assessed by MCS with importance sampling. Compared to the monopile structure, the jacket structure was found to be more robust to uncertainties and modeling error. When evaluating the ultimate limit states in reliability analysis, more than one load component can be involved, and combining univariate maxima is overconservative. To address this issue, Muskulus [104] proposed the use of the Pareto-optimal load vector for reliability assessment. A representative limit-state function from the NORSOKstandard [105] was selected, and an application of this approach to monopile-and jacket-type OWTs was shown. Morató et al. [63] evaluated the reliability of a monopile wind turbine using limit-state functions to represent structural yield and local buckling failure. Approximately 200 dynamic simulations were conducted in FAST based on DLC1.3 of IEC 61400-3, and the kriging model was applied to approximate the von Mises stress and overturning moment. The proposed framework can be extended to other types of OWT support structures.
Some researchers have successfully applied SRA in the design and optimization of OWTs. Lee et al. [45] conducted design load analysis of a monopile wind turbine using GH Bladed. Ultimate limit state and fatigue limit state were established for the grouted connections. The optimization problem was formulated aiming at minimizing the structural mass while satisfying the limit-state functions. Both deterministic and probabilistic optimization approaches were considered. In the probabilistic optimization approach, Latin hypercube sampling was used to reduce the number of simulations. In parallel, Yang et al. [62] performed dynamic analysis of the tripod support structure of an OWT using FAST. The kriging surrogate model was used to reduce the number of FEA. Three limit-state functions related to stress, tower displacement and natural frequency were considered in the design constraints, but it is not clear at which safety level the design is targeted.
Recently, several less established methods have been applied in the reliability analysis. Wei et al. [24] employed FAST to calculate the aerodynamic forces and performed IWWA on two 5-MW wind turbines: one mounted on a monopile support structure and the other mounted on a jacket support structure. The IWWA is similar to the pushover analysis used by the offshore oil and gas industry [106, 107] , and the support structures fail when the demand base shear exceeds the capacity. However, only static analyses were conducted, and few uncertainties were considered, causing an especially high reliability index for the monopile structure (β ≈ 5.4 for a 20-year service life). In a work following that, Wei et al. [24] applied the IWWA to assess the effect of load directionality on the structural reliability of a jacket support structure. Similarly, Kim and Lee [25] used GH Bladed [100] in the thrust force calculation and performed reliability analysis for the jacket-type support structure of a 5-MW OWT. The peak-over-threshold method was applied to find the extreme value distribution, and RSM was used to find the relation between variables. The limit-state function was defined using the allowable displacement of support structures at the seabed, and the reliability index was found using FORM. The approach is efficient, because the dynamic response is not directly calculated, but estimated by multiplying the static response with a constant dynamic amplification factor. Because of this simplification, this approach should be exercised with caution for structures with nonlinear behavior. Kim et al. [64] performed seismic fragility analysis of a 5-MW monopile-type OWT. Static pushover analyses were performed to obtain the critical displacement for the wind turbine. Wei et al. [108] did a performance evaluation of a jacket-type OWT using a static pushover approach, as well. The environmental hazard models include extreme wave height and extreme speed. Ciampoli and Petrini [109] discussed various sources of loading uncertainties of OWTs in the framework of performance-based engineering. This framework is analogous to the probabilistic design approach [10] . Mardfekri and Gardoni [110] developed simplified probabilistic models for the deformation, shear and moment demands for monopile-type OWTs subjected to wind, waves and currents. The probabilistic models account for the nonlinear soil-structure interaction and inherent uncertainties. The fragilities were expressed as a function of wind speed or wave height. In a follow-up work [111] , a probabilistic framework was proposed to evaluate the reliability of OWTs subjected to multiple hazards including extreme wind and seismic loads.
Floating Systems
The solution to the challenge of deep-water offshore wind power is FWTs. Following the successful installation and operation of Hywind Demo in 2009, a range of FWT concepts has been deployed at the prototype level. Figure 5 shows three main categories of floating support structures: spar, semisubmersible and tension leg platform (TLP). It is evident that mooring systems will affect the global motions and operational performance of FWTs. Although multiple designs of floating systems have been proposed, most of the published literature used the deterministic approach without considering uncertainties; see [112] [113] [114] . Among the few works that utilize SRA, Wandji et al. [58] used HAWC2 [99] and ABAQUS [115] for reliability-based design of the universal joint and mooring lines of a semi-floater substructure supporting a 10-MW wind turbine. The ultimate limit states were addressed in the reliability analysis, where uncertainty variables are used to represent various uncertainties in dynamic responses, aerodynamic parameters, climate statistics, and so forth. Although engineering assumptions were made for the random variables, the approach is of value for the development of new floating structures. Hallowell et al. [59] assessed the reliability of mooring lines and anchors of a FWT farm, which is composed of semisubmersible FWTs with multi-line anchors. Dynamic simulations using FAST [98] and MOORDYN [116] were conducted to obtain the load distributions under operational and extreme environmental conditions, and lognormal fragility functions were assumed for the distribution of mooring and anchor capacities. It was found that for the multi-line case, the probability of failure of mooring lines and anchors is increased. This framework may be further extended for reliability assessment of wind farms. 
Mechanical and Electrical Components
As illustrated in Figure 6 , a large number of mechanical components is installed in a traditional wind turbine with gear transmission. The reliability of mechanical components in the drivetrain of wind turbines has been an issue since the inception of the wind industry. Even for onshore wind turbines, significant system repairs are often required before reaching their 20-year lifetime. As mentioned in [51] , the majority of gearbox failures appear to initiate in the bearings and later advance into the gear teeth. Drivetrain components are typically exposed to complex loading conditions. Traditionally, the reliability assessment of those components is done by classical reliability techniques, and the failure rate is used as the basic measure [11] . Such an approach often relies on measurement or test data and lacks insight into the physical nature of structural degradation and failure. To evaluate the drivetrain design loads and understand the load effects in operational, parked or fault conditions of onshore wind turbines, various studies on dynamic response analysis [53, [117] [118] [119] [120] [121] [122] have been carried out using finite element or multibody simulation codes. For example, Dong et al. [119] performed dynamic response analysis of a 750-kW wind turbine drivetrain and analyzed the dynamic gear contact forces. Jiang et al. [53] also performed multibody simulation of the same drivetrain and focused on the dynamic loads on the planetary bearings. Zhao and Ji [123] proposed a four-degree-of-freedom dynamic model and studied the dynamic responses of both the gears and bearings of a wind turbine gearbox. Wei et al. [124] derived a torsional vibration model for the dynamic response analysis of a gearbox transmission system considering the influence of uncertain parameters. Dynamic response analysis or test data is an important prerequisite to SRA of mechanical components including shafts, gears and bearings, and proper reliability-based design will, to some extent, avoid premature failures of the mechanical components from known failure modes, e.g., rolling contact fatigue. Tarp-Johansen [47] conducted an interesting project on reliability assessment of three wind turbine components (hub, main shaft and main frame). In the work, model uncertainties relating to wind turbine dynamic simulation and component FEA were clearly addressed, and limit-state functions were established based on fatigue failure criteria using the bin-wise expected lifetimes. The calibration procedure of the partial safety factors was also presented. Dong et al. [48] described a method for gear contact fatigue reliability analysis of wind turbines and considered a 750-kW stall-regulated land-based wind turbine in the study. First, global dynamic response analysis of the wind turbine was performed in the time domain. Second, the main-shaft torque was used as an input to the multibody simulation, and time series of gear contact forces were obtained. Then, the long-term distribution of the gear contact pressure can be found by curve fitting, and the limit-state function was formulated based on fracture mechanics of crack growth. Finally, the effects of material properties and inspection and repair were assessed. Nejad et al. [49] also presented a method for long-term fatigue reliability analysis of wind turbine drivetrains using a similar analysis procedure. However, unlike Dong et al. who considered a surface pitting model for the contact fatigue problem, Nejad et al. used a conservative equation suggested by ISO 6336-6 [50] to relate the gear transmitted load to the stress range from gear root bending. The limit-sate function was also formulated differently by the S-N curve approach. Because the NREL 5-MW pitch-regulated land-based wind turbine was used in the analysis, the obtained reliability indices of the gear components were representative of utility scale wind turbines. Rafsanjani and Sørensen [125] examined two stochastic models based on Weibull and lognormal distribution functions for modeling fatigue failures of cast iron components including the main bearing and main shaft. The study used the test data of ductile cast iron for statistical analysis and reliability assessment and focused on the uncertainties present in the limit-state function: model uncertainties, statistical uncertainties and geometrical size effect. Furthermore, Rafsanjani and Sørensen [126] extracted loads of the main shaft from numerical simulations of a 5-MW wind turbine and compared the annual reliability indices using different uncertainty models. Figure 7 gives an overview of the failure distribution of wind turbine components. The data are based on the wind turbine operators' regular reports of 1500 German wind turbines over 15 years. As shown, the annual failure rates of the power electronics of wind turbines are considerably higher than other components, and the research of reliability in power electronics is shifting from a statistically-based approach towards a physics-of-failure approach to achieve higher safety levels [57] .
Kostandyan and Sørensen [55] developed a probabilistic damage model for the crack propagation process of a power semiconductor device. The model describes the initial accumulated plastic strain from temperature mean and temperature range and can be used to estimate the fatigue damage and reliability levels in electrical components. Based on this damage model, Kostandyan and Sørensen [56] performed a reliability assessment of solder joints in power electronics components considering the physical, model and measurement uncertainties. A more comprehensive, but similar study is presented in [127] , where a temperature range factor was introduced to meet the designed reliability requirements. The advantages of the physics-based approach in reliability assessment are that better understanding of the failure mechanism is achieved and various sources of uncertainties are explicitly considered. However, only one failure mechanism was considered in the work, and multidisciplinary studies are needed to fully address the issue. 
Research Prospect
It can be seen that most of the relevant studies are focused on rotor blades and bottom-fixed support structures of wind turbines. In this section, we envisage the future application of structural reliability methods to wind turbine design and analysis.
• Floating wind turbines:
In recent years, the research and development of offshore wind energy has shifted from bottom-fixed OWTs in shallow waters to FWTs in deeper waters where benefits are present such as improved wind conditions, reduced wave loading and lesser visual impact. Various designs of FWT concepts have been proposed, and spar buoys, semisubmersibles and tension leg platforms are dominant types of support structures. The research focus is still on horizontal-axis wind turbines; see [129] [130] [131] [132] [133] [134] [135] [136] [137] . Clearly, many of these support structures and mooring systems are not designed based on the probabilistic approach, and great structural redundancies exist. As the reliability analysis methods and procedures for offshore structures are quite mature [138] [139] [140] , it is expected that these methods will be extended and applied in the response-based optimal design of FWTs. However, it is still challenging, but critical to properly assess the model uncertainties in the load effects due to the controller behavior [141] [142] [143] , site conditions [144] , aerodynamic modeling [28, 145] and load extrapolation methods [61, 146] .
• Drivetrain components:
Most of the modern wind turbines use gearboxes as the medium for power transmission. The gearbox components, including bearings and gears, used to be designed by manufacturers that have limited knowledge of the system loads and responses. Consequently, failures of the gearbox components contribute substantially to the downtime of wind turbines. Since 2007, significant numerical modeling and dynamometer testing efforts have been done to investigate the root causes of component failures [51, 52, 54] . The physics-based reliability analysis has potential to be applied in bearing and gear design. For specific failure modes such as micropitting, white-etching area cracks and rolling contact fatigue, the limit-state functions can be formulated, and the mechanical components can be designed for a consistent reliability level. Because the damage development of the mechanical components is influenced by the operational conditions including unsteady wind, braking, generator misalignment, lubricants and grid faults [147] , there is a need to address the uncertainties related to these factors. In addition to the traditional gear transmission, other types of drivetrain technologies including direct drive [148] and hydraulic transmission [149, 150] have also appeared on the market, and the reliability of these novel technologies remains an open question.
• Reliability-based design optimization:
Reliability-based design optimization (RBDO) is one promising extension of SRA. Studies by [22, 45, 62] show that RBDO brings more reliable and cost-effective designs than the deterministic approaches do. By using efficient sampling methods and RSMs, the computational costs of the optimization problem are also acceptable. Therefore, it is envisaged that RBDO will be more widely applied in the design process of wind turbine components. Ideally, if all structural components are designed according to a consistent reliability level, then the failure rates of OWTs are expected to decrease.
Conclusions
This paper summarizes the research work in the field of wind turbine reliability analysis in the past three decades. We introduce the fundamentals of structural reliability analysis and present the general procedure of the analysis for wind turbines. Then, we discuss in detail relevant works on rotor blades, bottom-fixed structures, floating structures and mechanical and electrical components. The conclusions are as follows:
•
Research on the reliability analysis of wind turbines is still focused on the rotor blades and bottom-fixed support structures, and there is strong potential to apply reliability methods in the design of floating wind turbines and the drivetrain components.
• When there is a lack of test data, the state-of-the-art approach for response-based probabilistic design includes coupled dynamic simulation for the global motion and finite element analysis for the detailed structural analysis. Some novel analysis approaches (e.g., incremental wind-wave analysis method and peak response factor method) do not involve dynamic analysis and should be exercised with caution. Most of the limit-state functions can be formulated based on the ultimate limit state or fatigue limit state. First-and second-order reliability methods or Monte Carlo simulations together with response surface methodologies are often used to evaluate the reliability index.
• Quantification of uncertainties is a critical element in reliability analysis. There are challenges especially for novel wind turbine structures. To facilitate the reliability-based design of wind turbines, future work is greatly needed for assessing the modeling uncertainties. Author Contributions: All authors contributed substantially to the discussion and writing of the paper.
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Appendix A. Worked Example Using First-Order Reliability Method
The following example is adapted from [151] . For support structures of offshore wind turbines, fatigue failure is a common failure mode, and the limit-state function may be expressed as:
where ∆ is the fatigue damage at failure and D is the fatigue damage in a period T. By assuming Weibull distributed stress ranges and using the S-N approach, D can be described by:
where N 0 is the total number of cycles in the long-term period, m and k are material parameters of the S-N curve, S 0 is the stress range exceeded with a probability 1/N 0 , B is a shape parameter of the Weibull distribution and A is a function of S 0 and N 0 . Then, the limit-state function can be simplified and reformulated as:
where X 1 is related to ∆ and X 2 and X 3 are random and independent variables related to A and B, respectively. Distributions of these variables are listed in Table A1 . Through this simple exercise, we will illustrate how to calculate the reliability index (β) and the failure probability (P F ) by FORM. To transform the random variable into the u-space, we can express the transformation function as:
By using this transformation, the limit-state function can be expressed as: 
where α T = [ 0.0 − 0.916 0.400 ], β = 0.699. In this case, β is solved without iteration because of the linear limit-state function. Based on Equation (2), the failure probability is calculated as: 
